Abstract-Voltage instability is a phenomenon which often contributes to the development of power system disturbances. While increasing load admittance, bus voltage decreases to such a degree that the apparent power (V 2 Y) does not increase. As a result, voltage collapses with all consequences resulting from it. During the large-scale power system disturbance, the last line of defense is the load shedding at the stations, where the stability margin becomes dangerously low. To do that, there is a need to use automatic devices which process local signals, detect the decreased margin, and activate the load shedding. As a criteria of operating such devices, the voltage level is adopted. The disadvantage of such an approach results from the fact that the relations between the voltage level and the stability limit depend very much on the load power factor. To overcome this weakness, this paper presents a criterion which is directly based on the definition of voltage stability. It calculates the derivative of apparent power against the admittance (dS dY). It may be easily accomplished, because both the power and the admittance are measurable, and the changes of load occurs continuously, as a result of switching on and off the impedances, and/or actions of the transformer on load tap-changing devices.
I. INTRODUCTION

D
ISTURBANCE developments are caused by the instability of the system. The IEEE/CIGRE Task Force defined the notion stability in the following way: "Power system stability is an ability of an electric power system, for a given initial operating condition, to regain a state of operating equilibrium after being subjected to a physical disturbance, with most system variables bounded so that practically the entire system remains intact." [1] Several modes of stability were defined.
Rotor angle stability: which may be a small-disturbance angle stability or transient stability.
Frequency stability: which may be short term or long term.
Voltage stability: which may be large disturbance voltage stability or small disturbance voltage stability, and both of them may be short term or long term in nature. The development of disturbances often involves several modes of instability. To limit the consequences and prevent development of disturbances, the sound diagnosis of abnormal situation and application of the well-matched preventive actions are needed. It is the principal task of automatic disturbance limiting devices. In many cases, the last line of defense is to initiate load shedding [1] , [3] , [6] . The initiation of the load shedding and determination of the load to be shed in cases of dangerously low-voltage stability margin causes a problem, because the undervoltage criterion is not very discriminative. This paper presents a new method of estimating the voltage stability margin, which utilizes local measurements and applies criterion which is based on the very definition of the voltage stability.
II. VOLTAGE STABILITY
Voltage stability has been defined by the IEEE Power System Engineering Committee in the following way [2] : "Voltage stability is the ability of a system to maintain voltage so, that when load admittance is increased, load power will increase, and so that both power and voltage are controllable."
The phenomenon may be studied on the ground of an extremely simple equivalent circuit given in Fig. 1 . This is so, because whatever complex the supplying system may be, from the load buses, it may be always reduced to the equivalent Thevenin impedance and electromotive force [4] , [5] . Voltage and the apparent load power are described by the well-known formulae [9] (1) (2) where ; and phase angles of impedances and , respectively.
Figs. 2-4 present these equations in a graphical form, assuming that and , which makes the results very general. In Fig. 2 , voltage has been plotted versus power . In three curves, which correspond to 55 , 90 , and 100 , respectively.
The figures confirm the well-known fact that the critical level of the is unity, which marks the voltage stability limit. At that point, the load power reaches maximum and becomes (3) and the critical voltage has the level (4)
III. PREVENTION OF VOLTAGE COLLAPSE
To prevent the voltage collapse, various means are implemented. However, the last line of defense is the load shedding. There are two particular aims. 1) The value of must be always greater than the critical level of unity. In fact, the minimal level ought to be selected in such a way that the expected sudden increase of , or decrease of should not cause instability.
2) The value of ought to be high enough not to make the motors stall. In practical applications, load shedding is initiated by the undervoltage relays [1] , [2] , [7] , [9] . However, this solution has an obvious drawback, which is clear while looking at Fig. 4 . For a given , the level of voltage depends to a large degree on the angle . Therefore, if assuming a fixed level of the undervoltage relay setting-let it be 0.85 -then for the angle 55 , the shedding occurs when the is equal to 3.75, if 90 , it occurs for 1.7, while for the capacitive load, when 100 , the margin shrinks remarkably and the load shedding is initiated when 1.25. To avoid this, the adaptive setting of the undervoltage relay may be adopted. This may be based on (1). Such relays have an actuation level adapted to the angle , which may be estimated on the ground of measuring the phase angle of the load impedance . It is obvious that this approach assumes that the level of and the phase angle of are a priori known. To overcome the poor discriminative ability of the standard undervoltage criterion, some authors suggest another approach [4] , [5] . It is based on constant measurements of the load impedance and estimation of the Thevenin source impedance . It may be performed based on the local measurements at a given station; however, determination of the source impedance causes problems.
The method described in this paper goes along a similar line but presents another approach to calculation the ratio, which determines the stability margin. The same equivalent circuit as in [4] and [5] has been used, but calculation is based on the definition of voltage stability.
IV. ESTIMATION OF VOLTAGE STABILITY MARGIN
Estimation of the stability margin may be based on the very definition of the voltage stability. If, for the equivalent circuit given in Fig. 1 , one calculates the derivative of apparent load power against the load admittance, the following result is obtained: (5) where . If both sides of the equation are divided by the value of , one gets (6) where . Equation (6) enables calculating (7) where
The relations between and (Fig. 5 ) depend on the angle The value of may be obtained by means of measuring the load phase angle and estimating the source phase angle . The accurate value of depends on the actual configuration of the system, but in most practical cases, one may assume that it is equal to 80 7 . It means, that the phase angle of the equivalent Thevenin source impedance may vary between 73 and 87 , what corresponds to the source time constants being equal to 10 ms and 60 ms, respectively.
In Fig. 6 , the relation is given between the measured factor and the value of for the purely active load, and the three assumed possible values of the source impedance phase angle being equal to 73 , 80 , and 87 . In Fig. 7 , the same is given, but for the mixed active and reactive load which has the 37 . One may note that even if the source impedance angle is estimated with the error 7 , the value of is determined accurately enough to make a decision related to load shedding. The accuracy becomes particularly high if the measured factor is small (below 0.6) and increases with an increase of the load phase angle . Alternatively, if the value of is known, what unfortunately is a rare case, may be calculated using (1) and (6) . The final result becomes (8)
V. PROCEDURE OF MEASUREMENTS
The whole approach is based on the measuring variation of the power and the load admittance . In fact, variation of the load admittance is almost continuous. It is caused by natural tripping of load, and it also results from the operation of the transformer tap-changing devices. However, it always occurs in smaller or larger steps. Therefore, the factor may be calculated by the following formula: (9) where load and admittance at the end of change (time ); load and admittance at the beginning of change (time ). The time difference between the two measurements ought to be some 500 ms.
Digital calculation of , , and on the ground of voltage and current phasors and measured at the higher side of the station transformers does not cause any problem [8] . The data window for the calculation ought to be one period of the fundamental frequency. Therefore, for the whole procedure of calculation, the factor from (9) and the value from (7) becomes straightforward. The control of the voltage stability margin may have three steps. The first one, when the level of becomes lower, ought to be during the normal operation conditions and should actuate an alarm. If this factor continues to decline and reaches the level of 2-2.5, the operation of transformer tap-changing devices ought to be blocked. If it is still lower and falls below 1.5-2, it ought to initiate load shedding.
VI. VARIATION OF THE REACTIVE POWER
A similar approach as described before may be applied by using the variation of the reactive power. If the simple equivalent circuit is given in Fig. 8 , the variation of reactive power with the change of susceptance ( ) may be used. If one assumes that the voltage does not change with the variation of load resistance , a very simple formula may be obtained (10) This enables a simple calculation of the load-reactance-tosource-reactance ratio (11) where Fig. 9 . Factor (dQ=dB) versus load-reactance-to-source-reactance ratio.
In the real configuration of the circuit, the load resistance affects the terminal voltage . A comparison of the idealized simplified assumption which led to (10) and the real circuit in which the load impedance phase angle was 37 is presented in Fig. 9 . One may note that the difference in calculation of the load-to-source reactance ratio ( ) by means of the simplified formula (10) and in the circuit, which takes into consideration resistances in the source impedance ( 0.2) and in the load ( 0.75) is not large. Therefore, the application of the simplified formula may be justified. The formula of calculation ( ) without simplifications would lead to the more complex expression.
VII. SUMMARY
Load shedding often becomes the last line of defense to prevent the voltage collapse in the course of a developing disturbance. To check the voltage stability margin and to initiate the load shedding, the voltage criterion is often used. However, the criterion is not very discriminative because the voltage level depends a lot on the load phase angle. A certain improvement may be obtained if the adaptive voltage criterion, with operation levels adapted to the load phase angle, is used. The substantial improvement of the estimation of the stability margin on the ground of local measurements was presented in [4] and [5] .
The alternative ways of estimating the voltage stability margin have been presented in this paper. They are based on the very definition of the voltage stability. By measuring the variation of apparent load power against the change of load admittance ( ), the ratio of may be determined. Since the phase angle of the source impedance may be estimated with sufficient accuracy, the final formula of calculation of the load-to-source impedance ratio becomes simple.
The method has been developed on the ground of the simple Thevenin circuit, which may always represent an even very complex grid because, from the point of view of the measuring point, the system is always reduced to the equivalent source and source impedance . Since the calculation is based on the actual values of the load power and load admittance, it is not affected by the characteristic of the load. An alternative way of calculating the stability margin, particularly for the reactive load, may be based on measuring the variation of reactive power against the change of load susceptance . This enables calculation of the load-to-source reactance ratio ( ). Verification of this method ought to be performed in a real power system. The station computer which processes signals at the buses which are known to have comparatively low stability margins ought to be programmed to calculate the values of (9) and (7) . The results are to be compared with other methods-the ones which process local signals [4] , [5] and with the offline calculations which consider the power system as a whole. It would be particularly interesting if the comparison could cover the cases of the voltage collapse.
